Winter injuries on golf greens cause big economic losses in Scandinavia. Dehardening 8 resistance and rehardening capacity are important traits for survival of low freezing temperatures 9 following warm spells during winter and early spring. Our objective was to determine plant hardiness 10 at the start of winter and dehardening resistance of six cool-season turfgrass species/subspecies 11 commonly used on golf greens. Plant material was collected on an experimental green at Bioforsk 12 10 °C and dehardening rates increased in the order: slender creeping fescue < chewings fescue < 20 colonial bentgrass < annual bluegrass < creeping bentgrass. The dehardening rate of velvet bentgrass 21 was inconsistent in the two years. An additional rehardening treatment at 2 °C for 23 days was 22 included in 2012. None of the species were able to reharden to their original freezing tolerance after 23 12-d dehardening at 10 °C. Low overall freezing resistance and less capacity to reharden in annual 24 bluegrass than in the other species was associated with more leaf growth during both hardening and 25 dehardening. The results indicate that hardening ability and dehardening resistance are not necessarily 26 positively correlated and that the turfgrass studied have developed different strategies to survive the 27 winter. 28 29
Introduction 1
Winter damage is a major problem on Scandinavian sport fields. Reseeding in spring is time 2 consuming, labour intensive, and leads to a delay of the playing season and to economic losses. Winter 3 injuries can be caused by low freezing temperatures, frost heave, ice, flooding, photoinhibition (abiotic 4 factors) and/or snow molds (biotic factors) alone or in combination (Kvalbein et al., 2013) . The extent 5 and origin of winter injuries vary from year to year depending on the interaction between turfgrass 6 genotype, turf management and the environmental conditions during fall and winter. 7
Freezing tolerance -the ability of the plant to withstand low temperatures -has been shown to 8 be a major component of winter hardiness of perennial grasses (Larsen, 1994; Hulke et al, 2008 ; Gusta 9
and Wishniewski, 2012). Cold hardening, also known as cold acclimation, refers to an increase in 10 freezing tolerance over time in response to inductive conditions. Hardening is a long process starting 11 in late summer and peaking in January (White and Smithberg, 1980) . Two alternate stages of cold 12
hardening have been suggested in winter cereals and temperate grass species (Tumanov, 1940) . The 13 first hardening stage occurs at temperatures above freezing and is characterized by several changes 14 including accumulation of osmolytes (e.g. carbohydrates, proline and other amino acids), antifreeze 15 proteins, and reserve carbohydrates, increases in antioxidant production, and alterations in 16 phospholipids and fatty acids (Anchordoguy et al., 1987; Livingston, 1991; Espevig et al. 2011 Espevig et al. , 2012 . 17
The second stage is referred to as sub-zero hardening and leads to acquisition of additional freezing 18 tolerance (Tumanov, 1940; Livingston, 1996 faster than a less hardy one. Similarly, Hoffmann et al. (2014) recently showed that at higher 31 temperature (8 °C and 12 °C) the more winter hardy creeping bentgrass (Agrostis stolonifera L.) 32 dehardened more than the less hardy annual bluegrass (Poa annua L.). However, at the lower 33 temperature of 4 °C annual bluegrass exhibited a greater loss in freezing tolerance than creeping 34 bentgrass, indicating a genotype x temperature interaction on dehardening resistance. 35
Dehardening can be completely reversible, partly reversible or completely irreversible 36 depending on the temperature and duration of the dehardening period (Pomeroy et. al, 1975; Gusta and Fowler, 1976a and 1976b; Rapaz, 2002) . Rehardening capability refers to the plants' ability to 1 increase its freezing tolerance after a mild spell. Mechanisms for dehardening and rehardening are not 2 completely understood, and reversibility has been shown to depend on water content and distribution, 3 carbohydrate metabolism, photosynthesis, antioxidants, proteins and gene expression (Kalberer et al., 4 2006 ). Only few studies have been conducting on dehardening of cool season turfgrasses in the field 5 (Hoffman et al., 2014) or under controlled environmental conditions (Tompkins et al., 2000) and these 6 studies seem to be limited to creeping bentgrass and annual bluegrass and except for Tompkins et al. 7
(2000) we are not aware of there is no literature on rehardening capacities of turfgrasses. 8
Dehardening in response to spells of mild temperature conditions in winter and spring followed 9 by rapid temperature drop leading to freezing injury, is claimed to be a major reason for winter kill in 10 perennial plants including turf grasses. Due to coastal climate in the south and west of Norway, warm 11 spells may occur any time of the winter, also in mid-winter. According to scenarios for climate change 12
in Norway, mild spells may appear more frequently and for longer periods of time (Hansen-Bauer et 13 al, 2009), and plants may be more exposed to temperature fluctuations due to reduced snow cover and 14 snow duration (Thorsen and Höglind, 2010) . Moreover, the global warming would lead to a warmer 15 fall and, thus, to an incomplete hardening (Jørgensen et al., 2010, Thorsen and . Thus, 16 our primary objective was to study over two years the resistance to dehardening of six turfgrass 17 species/subspecies (in the following referred to as 'species') commonly used of golf greens during 18 mild periods in winter. In the second year, the species' capacity to reharden after such dehardening 19 was also studied. 20 21
Materials and methods 22

Site and weather data 23
Plant material was collected from an experimental green at the Bioforsk Turfgrass Research 24
Centre Landvik (south coast of Norway, 58° N latitude, 12 m above sea level). Weather data from the 25 local weather station are shown in Figures 1 and 2 
Freezing tests and regrowth 7
Short-term freezing tests were conducted according to the method described by Höglind et al. 8
(2010) with modifications. Briefly, 10 plant groups, each consisting of 3-6 tillers, were collected for 9 one replicate of each species and each freezing temperature and one non-freezing temperature (4 °C), 10 and there were four replicates per species in each freezing test. The tillers were washed free from soil 11 in cold water, dried between paper towels and wrapped into slightly moist paper towels. Prior to the 12 wrapping, the roots were truncated to 3-4 cm. Plant material wrapped in paper towels was placed in 13 the middle of plastic trays of 17x17x6 cm filled with slightly moist sand. The trays were located in the 14 middle of a programmable freezing chamber. After the temperature had been lowered from 2 °C to -2 15 °C at a rate of 2 °C h -1 , the plants were kept at -2 °C overnight to ensure ice nucleation. Then, the 16 temperature was lowered from -2 °C to -12 °C at a rate of 2 °C h -1 and from -12 °C to -30 °C in 2011 17
and from -12 °C to -36 °C in 2012 at a rate of 3 °C h -1 . Plants were removed from the freezer after they 18 had experienced up to 7 test temperatures at 3 °C intervals. The predetermined test temperatures 19 chosen for each species depended on their expected freezing tolerance. During freezing tests, the 20 temperature was monitored at the plant level in the sand. 21
After thawing at 2 °C overnight, the groups of 3-6 tillers were planted into trays filled with 22 sand. Non-frozen plants were included to ensure that damage was not due to separation of the tiller 23 groups and they were planted after separation. The survival of the plants was recorded as "dead" or 24 . Freezing tolerance of the 28 species was expressed as a lethal temperature for 50 % of the tiller groups (LT50). 29 30
Turfgrass daily height increment 31
In 2012, the heights of the grasses were measured using a ruler from the soil level to the mean 32 height of the leaves prior to the first freezing test on November 28 th and prior to the third freezing test 33 The main dehardening occurred during the first 6 days at 10 °C, irrespective of species (Figure  21 3, Table 1 ). The rate of dehardening during this period varied among the grasses and on average for followed by fescues, colonial bentgrass, and annual bluegrass ( Figure 3 , Table 1) . 35
In 2012 all species rehardened to some extent at 2C for 23 days, but never back to their initial 1 LT50 levels before dehardening. The highest rehardening capacity of 4.1-4.4C had the bentgrasses, 2 followed by fescues (3.3-3.4C), and annual bluegrass (only 1.5C) 3 4
Turfgrass daily height increment 5
The daily height increments during hardening varied among the grasses (Table 3 ). Annual 6 bluegrass had the highest daily height increment of 0.167 mm day -1 , followed by fescues and colonial 7 bentgrass (0.030-0.042 mm day -1 ), creeping bentgrass (0.012 mm day -1 ), and velvet bentgrass (no 8 creeping bentgrass and -14 °C for annual bluegrass. Thus, even though they were exposed to 19 additional subzero hardening for four days in a freezing chamber, the grasses in our study were likely 20 hardened incompletely by the end of November. The ranking order for freezing tolerance in late 21
November, annual bluegrass < colonial bentgrass ≤ slender creeping fescue ≤ chewings fescue < 22 velvet bentgrass ≤ creeping bentgrass, is however, in good agreement with the results of White and 23 Smithberg (1980) and with the general ranking order found in most American textbooks (e.g. Beard 24
2002; Turgeon, 2005) . It is also important to keep in mind that significant differences in hardening 25 potential may exist among cultivars within each species depending of the temperature and day length 26 conditions at the place of origin. A noteworthy example is 'AberRoyal' which in variety testing has 27 been documented to be less winter hardy than most other cultivars of colonial bentgrass commonly 28 used in Scandinavia . 29
We observed that creeping bentgrass dehardened faster than annual bluegrass during 6 days at 30 10 °C as revealed by a greater absolute loss in freezing tolerance in creeping bentgrass than in annual 31 bluegrass. This is in agreement with DaCosta and Hoffman (2010) who showed that after cold 32 hardening in controlled environment the loss of freezing tolerance during 5 days at 12 °C was greater 33 in creeping bentgrass 'L-93' (from -19.2 °C to -8.5 °C) than in annual bluegrass (Canadian biotype) 34
(from -14.3 °C to -6.1 °C). A field study with creeping bentgrass 'Penncross' and annual bluegrass 35 (biotype from Minnesota) in late winter and early spring also showed that creeping bentgrass was 36 more vulnerable to dehardening than annual bluegrass (Tompkins et al., 2000) . In that study, the lossof freezing tolerance (measured as LT50) in creeping bentgrass from the end of March to the end of 1 April was far greater (from -31 °C to -10 °C) than in annual bluegrass (from -14 °C to -13 °C). If the 2 snow was removed in late March, the freezing tolerance of creeping bentgrass declined even faster as 3 temperature became warmer (varied from 2 °C to 14 °C) as compared with that under snow (constant 4 near 0 °C) (Tompkins et al., 2000) . Studying forage grasses, Jørgensen et al. (2010) also found that the 5 more winter hardy timothy 'Engmo' dehardened more rapidly than less winter hardy 'Grindstad'. 6
In spite of the greater absolute dehardening in creeping bentgrass than in annual bentgrass, the 7 relative loss in freezing tolerance in creeping bentgrass was lower than in annual bluegrass. If freezing 8 tolerance of nonhardened creeping bentgrass and annual bluegrass is assumed to be -9.3 °C and -8.3 9 °C, respectively (Hoffmann et al., 2014), the hardening capacity of creeping bentgrass was more than 10 20 °C vs. 5 °C in annual bluegrass. Thus, the loss of freezing tolerance relative to hardening capacity 11 of creeping bentgrass (in our study would amount to 27 % and 38 % in 2011 and 2012, respectively, 12 vs. more than 100 % in annual bluegrass. Thus, the consequences of dehardening for turfgrass winter 13 survival will usually be more critical in annual bluegrass than in creeping bentgrass. Of particular 14 importance is that creeping bentgrass seems to be more resistant than annual bluegrass to dehardening chewings fescue is more winter-hardy than slender creeping red fescue (Kvalbein and Aamlid, 2012) . 23
In our study, this was confirmed by better freezing tolerance of 'Musica' than of 'Viktorka' by the end 24 of November in both years (-21 °C vs. -19 °C, respectively). On the other hand, the data again show 25 that the less winter hardy slender creeping type was more resistant to loss of freezing tolerance than 26 the more winter hardy chewings type; the loss after 12 days at 10 °C was 3.6 °C vs. carbohydrate contents after a mild fall were more susceptible to dehardening than plants with a higher 36 initial carbohydrate content after a cold fall.
We observed that the main dehardening in the all the studied turfgrass species occurred during 1 the first 6-d exposure to 10 °C, and that the subsequent 6-d exposure reduced freezing tolerance to a 2 lesser degree. For comparison, Hoffman et al. (2014) observed that the main dehardening in creeping 3 bentgrass and annual bluegrass occurred already during the first day at 4-12 °C and that a full loss of 4 freezing tolerance required either longer exposure to the same temperature or exposure to a higher 5 temperature (DaCosta and Hoffman, 2010). In our study, the loss of freezing tolerance at 10 °C was 6 substantial, but did not lead to completely kill of unhardened plants. Further research is needed to 7 establish critical combinations of temperature and duration for complete dehardening in the different 8 species. Another issue is that LT50, which is a measure for plants' ability to cope sudden frosts of short 9 duration and mainly refers to injury from intracellular ice formation, may not always be the best 10 expression for freezing tolerance under field conditions. At least in the early winter, the LD50, i.e. the 11 lethal duration of a moderately low freezing temperature, is probably a better expression for winter 12 hardiness than LT50 as it also include a prolonged desiccation injury due to extracellular ice formation 13 After 12 days of dehardening at 10 °C none of the species in our study were able to reharden to 21 their original pre-dehardening freezing tolerance acquired in the field in November. This could 22 probably be related to the relatively long duration of the dehardening treatment and its stimulating 23 effect on leaf growth. Pomeroy et al. (1975) showed that dehardening of winter barley (Hordeum 24 vulgare L.) and winter wheat (Tritcium aestivum L.) was not completely reversible if it lasted more 25 than 3 and 24 hours, respectively. That study also showed that winter hardy winter wheat seedlings 26 which had been dehardened no longer than 24 h at 20 °C/15 °C were able to reharden during 5 days to 27 the original freezing tolerance gained during 6-wk hardening at 2 °C/-2 °C. Similarly, exposure to 2 28 °C for two weeks was enough to promote complete rehardening in a study of Lolium and °C, and -14 °C, respectively. These findings would indicate a positive correlation between degree of 8 growth reduction in fall and freezing tolerance also for the turfgrass species studied here. Conversely, 9 among species the ability to initiate leaf growth during mild periods seems to be negatively correlated 10 with the species' resistance to dehardening. 11
In conclusion, this study indicates that hardening ability and dehardening resistance of turfgrasses 12
are not necessarily correlated and that the cool-season grasses used on golf greens have developed 13 different strategies to survive the winter. Creeping bentgrass usually develops superior freezing 14 tolerance in the late fall; in comparison with other species this favourable starting point will normally 15 more than compensate for its relatively high vulnerability to deharden and initiate new growth during 16 extended periods with mild temperatures during winter and early spring. Velvet bentgrass is usually 17 slightly less freezing tolerant than creeping bentgrass at the onset of winter but also more resistant to 18 dehardening; for practical purposes, we therefore consider the freezing tolerance of velvet bentgrass to 19 be on the same level as creeping bentgrass. Chewings fescue, slender creeping red fescue, and colonial 20 bentgrass are commonly seeded in mixtures on golf greens; common to these species is that they only 21 develop moderate freezing tolerance in response to hardening conditions in the fall, but for the fescues 22 this is partly compensated by relatively slow dehardening and initiation of growth during mild periods. 23
Annual bluegrass is in class of its own in that the freezing tolerance obtained in fall is too low to be 24 compensated by a moderate rate of dehardening during mild periods. Compared with other species, the 25 best indication of the poor winter tolerance of annual bluegrass is probably its high growth rate under 26 both hardening and dehardening conditions. 
